Purpose The purpose of this study is to determine the profile of extracellular microRNAs (exmiRNAs) in follicular fluid (FF) and explore their association with fertilization potential and embryo quality. Methods We collected FF from single follicles containing mature oocytes from 40 women undergoing IVF and we screened for the expression of 754 exmiRNAs in FF using the TaqMan OpenArray® qPCR platform. To determine the association of exmiRNAs and IVF outcomes, we compared their expression levels in FF samples that differ by fertilization status (normally, abnormally, and failed to fertilize) and embryo quality (top vs. non-top).
Extracellular RNAs (exRNAs) have recently been identified as a new mechanism of intercellular communication, as well as source of biomarkers. In biofluids, exRNAs can be found encapsulated in extracellular vesicles (EVs), in protein-bound complexes, and bound to Argonaute 2 protein [7] . Recent evidence shows that exRNAs encapsulated in EVs can be transferred between cells [8] [9] [10] . EVs are nanosized (<1000 nm) double-lipid membrane vesicles that are released by various cell types into human biofluids, including granulosa cells, under both physiological and pathological conditions [9] . Emerging evidence shows that intercellular communication mediated by EVs may support oocyte maturation, sperm penetration into the oocyte, and embryo implantation, although in many cases, the functional roles of EVs in the reproductive tract remain largely unexplored [11] .
exRNAs contain considerable amounts of non-coding RNAs, of which microRNAs (miRNAs) are the most abundant [7] . MicroRNAs can regulate gene expression in both normal and disease states by direct targeting of the messenger RNA and inhibition of its translation to a protein, and/or by interfering with the epigenome [12] [13] [14] [15] [16] [17] . More specifically, extracellular miRNAs (exmiRNAs) in follicular fluid (FF) are predicted to act on targets that regulate the WNT, epidermal growth factor receptor (ErbB), mitogen-activated protein kinase (MAPK), and transforming growth factor beta (TGFβ) signaling pathways, all of which contribute to follicular development, meiotic resumption, and ovulation [18] [19] [20] [21] [22] . Follicular fluid, a product of blood exudate and secretions of granulosa cells, is a unique source of biochemical factors and secreted molecules. Recent studies showed that EVs are present in the FF, in granulosa and cumulus cells, and postulate that EVs can serve as a vehicle for exchanging proteins, lipids, and miRNAs between the oocyte and the granulosa cells around it [18, 23] . However, whether specific exmiRNAs that circulate in follicular fluid encrypt important information about fertilization and embryo quality is currently unknown.
In this study, we characterized the profile of exmiRNAs in FF from which mature oocytes were obtained, and in an exploratory analysis, we examined their association with fertilization potential and embryo quality in patients undergoing IVF.
Methods Participants
Women 19 to 37 years old undergoing IVF/ICSI in a tertiary university-affiliated hospital from May 2013 through July 2014 with ≤6 previous attempts were eligible for recruitment. Diagnoses for inclusion were male factor, mechanical, or unexplained infertility, as well as preimplantation genetic diagnosis for a known genetic mutation. We excluded women with risk factors or diseases that could influence oocyte quality, such as women with body mass index ≥35 kg/m 2 , a diagnosis of polycystic ovarian syndrome or endometriosis, a diminished ovarian reserve, a known chromosomal translocation, recurrent abortions, or those carrying Fragile X. To avoid potential confounding bias by different stimulation regimens, we only included women using only one controlled ovarian stimulation protocol: gonadotropin releasing hormone antagonist and Ovidrelle (Merck Serono) for final oocyte maturation. This study was approved by our institution in accordance with the Declaration of Helsinki. All participants provided written informed consent.
IVF protocols and sample collection
Otherwise discarded, FF from a single follicle >18 mm was collected and centrifuged at 1500×g for 15 min to separate the serum fraction debris; 500 μL aliquots of the supernatant were stored immediately at −80°C. Each oocyte, its corresponding embryo, and FF sample were separately tracked in the clinical IVF laboratory. Oocytes were stripped and assessed for maturity 1-2 h after retrieval. Since follicles of different maturation status might contain different miRNA profiles [24] , only FF from single follicles that contained mature oocytes (i.e., those exhibiting one polar body) were analyzed. Oocytes and embryos were maintained at 37°C in a humidified atmosphere of 5% CO 2 [25] . The fertilization check was performed 16-18 h after ICSI, and zygotes with two pronuclei were cultured individually in 25 μL drops of Sydney IVF cleavage medium K-SICM-20 (Cook, Ireland) until embryo transfer. Embryo morphology was assessed on day 3 using standard criteria based on the number of blastomeres, symmetry, and the extent of fragmentation [26] .
RNA extraction from FF
Follicular fluid aliquots (500 μL) were thawed on ice, centrifuged for 15 min at 3000×g at 4°C, and subsequently filtered using a 0.8 μm membrane unit (Millipore Corp., Bedford, MA, USA) to remove any remaining cellular debris and large aggregates. We extracted total RNA from FF using the exoRNeasy Serum/Plasma Maxi kit (Qiagen, Valencia, CA, USA) [27] . FF samples were processed following the manufacturer's instructions, except that we modified the recommended XBP buffer/ sample volume ratio from 1:1 to 2:1 to optimize use with the FF. We evaluated the concentration, quality, and size distribution of the total RNA extracted from FF using the RNA 6000 Nano Kit on Agilent's 2100 Bioanalyzer instrument (Agilent Technologies, Foster City, CA) ( Figure S1 ; Supplemental Material).
Expression analysis of exmiRNAs in FF
We screened for the levels of 754 miRNAs using the TaqMan OpenArray® technology on the QuantStudio™ 12K Flex RealTime PCR System (Life Technologies, Carlsbad, CA). A volume of 6 μL for each sample was prepared, and all samples were reverse-transcribed and pre-amplified (16 cycles) using the Megaplex™ Reverse Transcription Primers, Human Pool A v2.1, Human Pool B v3.0 and Megaplex™ PreAmp Primers, Human Pool A v2.1, and Human Pool B v3.0. Quantitative PCR (qPCR) was performed on the QuantStudio™ 12K Flex Real-Time PCR System. Expression levels were calculated in relative cycle threshold values (Crt), which estimates the amplification cycle at which the fluorescence levels for each of the analyzed miRNAs exceeded the background fluorescence threshold [27] .
Outcome variable assessment
We defined normally fertilized oocytes as those exhibiting two pro-nuclei and two polar bodies at the fertilization check, failed to fertilize oocytes as those not exhibiting any pronuclei, and abnormally fertilized oocytes as those presenting one or three pronuclei. Embryo morphology was assessed on day 3 using the standard criteria of the number of blastomeres and extent of fragmentation and blastomere asymmetry [28, 29] . Top quality embryos on day 3 were designated as embryos with 7-8 cells, ≤10% fragmentation, and symmetric blastomeres. Those were the groups we used for our exmiRNAs relative expression comparisons.
Data analysis
We used the Thermo Fisher Cloud Relative Quantification software to extract the miRNA qPCR data. Due to the lack of standard endogenous controls for extracellular RNAs, we decided to use the Delta Crt values (ΔC rt ) and global mean method to normalize our data (ΔC rt_miRNAi = (C rt_miRNAi − C rt_miRNAi_global_mean )), as suggested by Mestdagh et al. [30] . We then calculated relative expression levels between the groups by using the fold change method and the 2 -ΔΔCt formula [31] . For this analysis, we included only exmiRNAs that exerted a Crt value <35, and an amplification score ≥1.24 and quantification cycle (Cq) confidence score ≥0.8, as recommended by the manufacturer for reliable data. Data that did not meet these criteria were considered as missing values and therefore not included in the analysis. One sample was excluded from the analysis because the sperm was abnormal and all the oocytes retrieved failed to fertilize. Standard descriptive statistics were used to explore the characteristics of the study participants and determine any differences between the compared groups. For all exmiRNAs relative expression group comparisons, the Student's t test for statistical significance was performed. All statistical analyses were performed in SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Lastly, we used TargetScan Release 7.0 [32] and Ingenuity Pathway Analysis (Ingenuity Systems®, Redwood City, CA, USA) software to identify messenger RNA (mRNA) putative targets of the differentially expressed exmiRNAs (p < 0.05) found in FF, and to in silico explore relevant downstream biological pathways.
Results

Participants
We collected a single FF sample from 46 women, of whom 40 contained a mature oocyte. These women were 30.7 ± 3.7 (mean ± standard deviation [SD]) years old, had body mass index of 22.7 ± 3.5 kg/m 2 (range 16.8-31.8), had undergone through 1.8 ± 1.3 (range 1-6 cycles) of IVF prior to enrollment, and had 9.1 ± 3.8 (range 3-21) oocytes retrieved during IVF process. No differences were observed for any of these characteristics between the groups we used for our relative expression comparisons (all p values >0.05).
Profile of exmiRNAs in FF
We screened for 754 exmiRNAs and detected 207 in one or more of 40 samples analyzed. The five most prevalently detected exmiRNAs were miR-30d-5p ( Table 1 ). The full list of detected exmiRNAs in all analyzed samples and by different groups, together with expression levels, is provided in Table S1 (Supplemental Material). In silico analysis of the predicted targets of the five most prevalent exmiRNAs in FF containing mature oocytes-miR-30d-5p, miR-320b, miR10b-3p, miR-1291, and miR-720-revealed their association with biological pathways such as ubiquitin, the tumor necrosis factor (TNF) receptor superfamily, TGFβ, and MAPK pathways; biological processes such as meiosis and embryonic ectoderm development; and biological factors such as cytochrome P450, IZUMO family member 4, zona pellucida binding protein 2, and StAR-related lipid transfer proteins. Notably, ubiquitin and MAPK pathways are associated with oocyte maturation, spindle assembly, and polar body emission [33, 34] .
Exploratory analysis of exmiRNAs in FF and oocyte fertilization potential
To determine the association between FF exmiRNAs and fertilization, we compared FF samples from oocytes that were normally fertilized (i.e., 2PN) (N = 30) to those that failed to fertilize (i.e., no PN) (N = 5) and to those that were abnormally fertilized (n = 4). Of the 207 exmiRNAs detected, 74 were commonly detected in all groups, 58 were detected only in FF that contained normally fertilized oocytes, 5 were detected only in FF that contained failed to fertilize oocytes, and 2 were detected only in FF that contained abnormally fertilized oocytes ( Table 3, Table S5 ; Supplemental Material).
Exploratory analysis of exmiRNAs in FF and day 3 embryo quality
We compared the expression levels of exmiRNAs in FF that contained normally fertilized oocytes and that developed into top quality embryos on day 3 (N = 19) relative to FF that contained oocytes that ultimately developed into embryos of impaired quality (N = 10). One case was excluded due to embryo transfer on day 2. Out of 194 exmiRNAs detected in these samples, 127 were commonly found in both groups, 52 exmiRNAs were only found in FF samples that yielded top quality embryos, and 15 miRNAs in FF that yielded non-top quality embryos (Fig. 2, Table S6 ; Supplemental Material). Interestingly, FF samples that yielded top quality embryos shared a larger number of exmiRNAs (n = 52) with FF samples that contained normally fertilized oocytes, as compared to FF samples that yielded non-top quality embryos (n = 15) (Fig. 2) . When we compared the exmiRNAs between the two groups, we found that miR-766-3p (FC = 1.95, p = 0.01), miR-663b (FC = 0.18, p = 0.02), miR-132-3p (FC = 2.45, p = 0.05), and miR-16-5p (FC = 3.80, p = 0.05) had significantly different expression levels ( Table 4, Table S7 ; Supplemental Material). In silico pathway analysis of differentially expressed exmiRNAs in FF
To explore the biological relevance of exmiRNAs that were differentially expressed in relation to fertilization status or embryo quality (Tables 2, 3 , and 4), we included all 11 exmiRNAs that had a p value <0.05-miR-1244, miR-132-3p, miR-16-1-3p, miR-16-5p, miR-202-5p, miR-206, miR-222-3p, miR-30a-3p, miR-425-3p, miR-454-5p, miR-663b, miR-7-2-3p, and miR-766-3p-for additional in silico analysis using Ingenuity Pathway Analysis (IPA). We found that several of these exmiRNAs were implicated in relevant diseases and cellular functions to reproduction and embryo development (Table S8 ; Supplemental Material). Common targets were proteins involved in cell cycle regulation and members of the MAPK, TGFβ, and WNT signaling pathways that contribute to follicular development, meiotic resumption, and ovulation [18] [19] [20] [21] [22] .
Discussion
In this study, we screened for 754 exmiRNAs in FF that contained mature oocytes from 40 women who have undergone IVF treatment, and evaluated each follicle separately. We detected an overall of 207 exmiRNAs and identified several that were prevalently present in most of the analyzed samples. In an exploratory analysis, we identified four exmiRNAs (miR-202-5p, miR-206, miR-16-1-3p, and miR-1244) that were expressed in higher levels in FF that contained normally fertilized oocytes versus those that failed to fertilize. We also detected four exmiRNAs (miR-766-3p, miR-663b, miR-132-3p, and miR- 16-5p) that were differentially expressed in FF that contained oocytes that yielded top quality embryos versus those that did not yield top quality embryos. Our findings that miR-320b, miR-720, miR-10b-3p, miR-126-5p, miR-30a-5p, miR-202-5p, and miR-1274A are among the most prevalent and highly expressed in follicular fluid are in line with findings reported by Sang et al. [35] . In addition, Moreno et al. recently compared the expression levels of miRNAs present in FF from women who underwent IVF treatment, and found several that were differentially expressed according to oocyte maturation status, including miR-720 which was found to be up-regulated in FF containing mature oocytes compared to FF containing immature oocytes [36] . In another study, Santonocito et al. compared the miRNA profile of exosomes in FF with the profile of free-circulating miRNAs in FF and found that miR10b-3p was up-regulated in the exosome fraction, but not in the free-circulating miRNA fraction in FF [18] . In agreement with these findings by Santonocito et al., we also detected miR-10b-3p in FF samples in 37 out of 40 analyzed samples. However, we did not find any significant differential expression in the levels of miR-10b-3p inFF associated with normally fertilized versus failed to fertilize oocytes. These findings suggest that miR-10b-3p is one of the most commonly detected miRNAs in FF, but its role and biological relevance to oocyte fertilization during IVF remains to be elucidated by further studies. Moreover, the most prevalently detected exmiRNAs in our study (i.e., miR-30d-5p, miR-320b, miR10b-3p, miR-1291, and miR-720) were previously found in mural granulosa and/or cumulus cells [23, 33, 34, 37] . This provides possible evidence that exmiRNAs in FF originate from granulosa and cumulus cells, which come in contact with the FF, and therefore they can contribute to the intercellular communication in the ovarian follicle.
Fertilization is a process that involves the degradation of maternal RNAs and zygotic genome activation [38] [39] [40] . In humans, the molecular mechanisms for this process remain largely unknown, but studies in zebrafish have identified miRNAs as a potential link between the decay of maternal mRNAs and the activation of the zygotic genome [41] . Interestingly, we found that miR-202-5p, miR-206, miR-16-1-3p, and miR-1244 were significantly up-regulated in follicles whose oocytes were successfully fertilized. Previous studies have shown that miR-202-5p not only is highly expressed in the cumulus cells surrounding mature oocytes and up-regulated in cumulus granulosa cells compared with mural granulosa cells but it is also detected in EVs isolated from FF [35, 37] . In addition, miR-202-5p regulates genes of the phosphoinositide signaling cascade, which plays a role in the generation of Ca2 + increase and oocyte activation during fertilization [42] . The exact mechanism that mediates oocyte activation at this stage remains largely unexplored, and it is possible that exmiRNAs may be implicated in this process. Furthermore, miR-202-5p targets genes that participate in the MAPK pathway, which is crucial for the resumption of the meiosis process, as well as following formation of the male and female pronuclei [43] . Lastly, miR-202-5p is known for its regulation of centrosomal proteins, which are critical for successful fertilization [44] . Although miR-202-5p was studied in several studies in relation to reproduction, to the best of our knowledge, this is the first study to show associations between miR-206, miR-16-1-3p, and miR-1244 with fertilization potential. In silico IPA analysis revealed that these miRNAs target genes that participate in the AMP-activated protein kinase (AMPK), which is a pathway that plays a crucial role in the regulation of cell growth and metabolism [45] .
Our exploratory analysis also showed that several exmiRNAs (miR-663b, miR-766-3p, miR-132-3p, and miR-16-5p) were upregulated in FF that yielded top quality embryos on day 3. According to the in silico IPA analysis, all these miRNAs target genes that participate in the MAPK pathway, which also plays a central role in the control of cell proliferation and is essential for the successful progression of mitosis in sea urchin embryos [46, 47] . In a similar study, Feng et al. compared exmiRNAs from FF that yielded top quality and non-top quality embryos [48] . Similar to our findings, they found that miR-132-3p was upregulated in FF containing oocytes that yielded top quality embryos; however, this finding was not statistically significant. Several of the top differentially expressed exmiRNAs in our study (e.g., miR-16-5p, miR-24-3p, and miR-320b) were also identified by Feng et al. in relation to embryo quality, despite the fact that statistical significance was not reached. Interestingly, in both studies, these miRNAs were always found to be downregulated in the non-top quality versus the top quality embryos. In addition, Kropp and Khatib found that increased levels of miR-24 in bovine IVF culture media of the embryo were associated with a decline in embryo development. In our study, miR-24 was also detected in higher levels in FF from samples that yielded non-top versus top quality embryos [49] .
Our study has a few limitations. The small and unbalanced sample size in the failed to fertilize or abnormally fertilized vs. normally fertilized groups may have limited our ability to detect stronger associations. We attempted to overcome some of the confounding in the design by including women of similar characteristics between the groups (e.g., age, BMI), and by including only FF samples that were associated with mature oocytes. Our findings must be interpreted with caution as confounding by other variables we could not adjust for in our study such as different incubators, time of zygote, and embryo morphology assessment outside the incubators, and handling by different embryologists may be present. Last, although we used a method that extracts total RNA enriched in EVs, we cannot exclude the possibility that protein complex-associated (e.g., Argonaute 2), or lipid-bound (e.g., HDL) miRNAs might be present. However, the fact that several of our most prevalently detected miRNAs (e.g., miR-30d-5p, miR-10b-3p, and miR-720) were also found by others to be present in EVs provides some evidence that these miRNAs are enriched in EVs [50] [51] [52] [53] [54] . Despite the limitations, our study is one of the largest to date that examined the association between human FF exmiRNAs and fertilization potential and embryo quality.
Conclusions
We found that extracellular miR-202-5p, miR-206, miR-16-1-3p, and miR-1244 in human FF are associated with fertilization potential in IVF and that miR-663b, miR-766-3p, miR-132-3p, and miR-16-5p are associated with embryo quality. We encourage further research to validate our findings and to determine any biological effects of FF exmiRNAs on oocytes, cumulus, and granulosa cells. These effects can modify oocyte quality to affect these downstream events as fertilization and observational quality assessment of the embryo.
